Introduction
============

Morphine is a potent opioid analgesic that is widely used for clinical pain management. However, repeated administration of morphine leads to tolerance and hyperalgesia, which limit its use as an antinociceptive agent. Despite extensive research efforts in the area of morphine tolerance and hyperalgesia, the underlying mechanisms involved in these phenomena remain largely unknown. Previous studies showed that glial activation and subsequent immune responses at the lumbar spinal cord contribute to the development of morphine tolerance and withdrawal-induced hyperalgesia ([@b1-etm-04-04-0723]--[@b3-etm-04-04-0723]). Pro-inflammatory cytokines, including interleukin (IL)-1, IL-6 and tumor necrosis factor, have been implicated in the development of morphine tolerance and withdrawal-induced hyperalgesia ([@b4-etm-04-04-0723],[@b5-etm-04-04-0723]). The complement system is a crucial effector mechanism of the innate immune system. Components of the complement cascade are constitutively produced in the central nervous system ([@b6-etm-04-04-0723]). However, whether the complement cascade is activated in the spinal cord under conditions of chronic morphine treatment is unknown. Furthermore, whether products of complement cascade activation modify morphine tolerance and withdrawal-induced hyperalgesia is also unknown.

The complement cascade, consisting of more than 30 soluble and membrane-bound proteins, is activated by four pathways; the classical, the alternative, the mannose-binding lectin and the extrinsic pathways ([@b7-etm-04-04-0723]). Eventually, all four pathways lead to the production of the important anaphylatoxin C5a in the terminal cascade ([@b8-etm-04-04-0723],[@b9-etm-04-04-0723]). C5a exerts a range of inflammatory and immune effects by binding to the G-coupled receptor, C5aR and a second receptor, the C5a-like receptor 2 ([@b10-etm-04-04-0723]). The uncontrolled activation of the complement cascade causes harmful effects, including immunoparalysis and organ dysfunction ([@b11-etm-04-04-0723]--[@b13-etm-04-04-0723]). Due to its strong pro-inflammatory character, C5a is considered as the most hazardous molecule in the excessive activation of the complement cascade ([@b13-etm-04-04-0723],[@b14-etm-04-04-0723]). A body of evidence suggests that C5a-induced C5aR activation plays a deleterious role in neural diseases including pain, Alzheimer's disease, Huntington's disease and amyotrophic lateral sclerosis ([@b6-etm-04-04-0723],[@b15-etm-04-04-0723]--[@b18-etm-04-04-0723]). The inhibition of C5a or C5aR is beneficial for protection against these diseases in animal models. Thus, the present study was designed to evaluate the roles of C5a and C5aR in the expression of morphine tolerance and withdrawal-induced hyperalgesia in rats.

In the present study, we examined the influence of morphine administration on the expression levelss of C5 and C5aR in the L5 lumbar section of spinal cords. The effects of C5a and C5aR antagonist PMX35 on morphine tolerance and withdrawal-induced hyperalgesia were then examined.

Materials and methods
=====================

Animal preparation and intrathecal (i.t.) catheter implantation
---------------------------------------------------------------

Male Sprague-Dawley rats (Kunming Medical College, Kunming, China) weighing 250-300 g were used in the experiments. The rats were kept in the housing facilities for 1 week prior to experiments. The implantation of i.t. catheters was performed as described by Yaksh and Rudy ([@b19-etm-04-04-0723]). The rats were anesthetized with phenobarbital (50 mg/kg, intraperitoneally). The i.t. polyethylene catheters (PE-10) were inserted via an incision in the cisterna magna and advanced caudally to the lumbar enlargement of the spinal cord. The incision site was sutured in layers and the catheter was immobilized under the skin. Following surgery, all rats were returned to cages for recovery, housed individually and maintained on a 12-h light-dark cycle with food and water freely available. Rats with neurological deficit or infection were excluded from experiments. The use of experimental animals was in accordance with guidelines made by the local Committee on Animal Care and Use. The use of rats was approved by the Animal Care and Use Committees of Kunming Medical University and the First People's Hospital of Yunnan Province.

Behavioral tests
----------------

The antinociceptive responses were determined by mechanical (Analgesy-Meter) and thermal (tail-flick) test paradigms. The mechanical nociceptive thresholds were evaluated as described by Stein *et al* ([@b20-etm-04-04-0723]). Rats were gently held and increasing pressure (maximum 250 g) was applied onto the dorsal surface of the ipsilateral hind paw. The paw pressure thresholds (PPT), the pressure required to elicit paw withdrawal, were determined. The thermal nociceptive thresholds were determined by the hot water tail-flick test. The tails of rats were immersed into water (49±0.5°C) and the latency to a rapid flick was recorded. The morphine-induced antinociceptive responses in mechanical and thermal tests were expressed as the % maximum possible effect (%MPE) using the formula ([@b21-etm-04-04-0723]): %MPE = (WT − CT)/(CO − CT) x 100; where WT is the withdrawal latency (sec) or threshold (g) following morphine/saline treatment, CT is the latency prior to morphine/saline treatment and CO is the cut-off value (i.e. 250 g for the mechanical test and 15 sec for the tail-flick test). Behavioral tests were carried out in a blinded manner with respect to the groups.

Experimental design
-------------------

The i.t. drug administration was accomplished using a microinjection syringe connected to the i.t. catheter in conscious rats. Rats received either saline or morphine (10 mg/kg, s.c., twice daily for 5 days) and were treated once daily (11 a.m.) with C5a (10 ng, R&D Systems, Inc., Minneapolis, MN, USA), PMX53 (200 ng) or saline via i.t. catheter during induction of morphine tolerance. Chronic morphine withdrawal-induced hyperalgesia and allodynia in rats were examined 16 h after the last injection of s.c. morphine. The animals were treated with morphine (5 μg) acutely via i.t. catheter to study the expression of morphine tolerance after the recording of morphine withdrawal-induced hyperalgesia and allodynia. The acute antinociceptive activity of i.t. administered morphine in these rats was evaluated by an Analgesy-Meter and tail-flick test. The behavior recorded prior to the acute administration of i.t. morphine served as the basal latency.

Spinal cord sample preparation
------------------------------

After behavioral testing, the heart perfusion of rats was performed using saline under isoflurane anesthesia. A laminectomy was performed from the lower edge of the 12th thoracic vertebra to sacral vertebra and the L5 lumbar section of the spinal cord was collected and frozen immediately in liquid nitrogen and stored at −80°C until further study.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

The L5 lumbar spinal cord was collected after behavioral testing. The tissue was pooled and homogenized in homogenization buffer (phosphate-buffered saline, pH 7.4, containing 1% Triton-X100, 1 mM PMSF, 10 μg/ml aprotinin and 1 μg/ml leupeptin). Samples were spun at 15,000 x g for 30 min at 4°C. The supernatant was aliquoted and stored at −80°C for future protein quantification. The concentrations of C5a (Wuhan EIAab Science Ltd, Wuhan, China) were measured in the L5 lumbar spinal cord using specific ELISA kits according to the manufacturer's instructions.

Western blot analysis
---------------------

L5 lumbar spinal cord samples were homogenized in ice-cold solubilizing solution \[20 mM Tris-HCl (pH 7.0), 25 mM β-glycerophosphate, 2 mM EGTA, 1% Triton X-100, 1 mM vanadate, 1% aprotinin, 1 mM phenylmethylsulfonyl fluoride and 2 mM dithiothreitol\] and kept on ice for 40 min. The lysate was centrifuged at 15,000 rpm for 15 min and the supernatants were collected. The protein concentrations were determined using Bio-Rad protein assay reagent (Hercules, CA, USA). Equal quantities of protein were separated by 12% SDS-polyacrylamide gel electrophoresis and transferred to a PVDF membrane (Millipore Corporation, Billerica, MA, USA). The membranes were incubated with C5aR and β-actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), washed and then incubated with peroxidase-conjugated anti-mouse IgG (KPL, Gaithersburg, MD, USA). The immunoblot was revealed with an ECL western blot detection kit (Amersham Pharmacia Biotech, Buckinghamshire, UK). Densitometric analysis was performed using ImageJ software.

Statistical analysis
--------------------

All values are expressed as means ± SD. Data were analyzed by ANOVA followed by Tukey-Kramer multiple comparisons test using SPSS software (SPSS, Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant result.

Results
=======

Induction of C5a and C5aR at the L5 lumbar spinal cord of morphine-tolerant rats
--------------------------------------------------------------------------------

As an initial step in determining the association between complement factors and morphine, we examined whether the levels of C5 and C5aR were altered in the L5 lumbar spinal cords of morphine-tolerant rats. As shown in [Fig. 1](#f1-etm-04-04-0723){ref-type="fig"}, we found that levels of C5a and C5aR were enhanced in the L5 lumbar spinal cords following chronic morphine treatment. This result suggests that the complement system might be involved in the pathogenesis of morphine tolerance.

Effects of C5a and C5aR antagonist on morphine withdrawal-induced hyperalgesia and allodynia
--------------------------------------------------------------------------------------------

In order to reveal the pathological effect of elevated levels of C5a and C5aR in morphine-tolerant rats, we investigated the effects of C5a and C5aR antagonist PMX53 on morphine withdrawal-induced hyperalgesia. As shown in [Fig. 2A and B](#f2-etm-04-04-0723){ref-type="fig"}, the chronic administration of morphine (10 mg/kg, twice daily for 5 days, s.c.) led to thermal and mechanical hyperalgesia 16 h after the last injection. Similarly, the chronic administration of morphine also induced mechanical allodynia to both 2 and 12 g of mechanical stimuli ([Fig. 2C](#f2-etm-04-04-0723){ref-type="fig"}). PMX53 treatment had no effect on nociceptive threshold in the saline-treated rats ([Fig. 2](#f2-etm-04-04-0723){ref-type="fig"}). Chronic C5a treatment decreased nociceptive threshold in the saline-treated rats ([Fig. 2](#f2-etm-04-04-0723){ref-type="fig"}). Conversely, C5a treatment during the induction of morphine tolerance significantly enhanced morphine withdrawal-induced thermal and mechanical hyperalgesia, and mechanical allodynia ([Fig. 2](#f2-etm-04-04-0723){ref-type="fig"}). By contrast, the enhanced hyperalgesia induced by morphine was significantly suppresed by PMX53 ([Fig. 2](#f2-etm-04-04-0723){ref-type="fig"}).

Effects of C5a and C5aR antagonist on the expression of spinal antinociceptive tolerance to morphine
----------------------------------------------------------------------------------------------------

The role of C5a and C5aR in the expression of spinal antinociceptive tolerance to morphine was examined in both mechanical and thermal tests. As shown in [Fig. 3](#f3-etm-04-04-0723){ref-type="fig"}, antinociceptive tolerance to acute i.t. morphine (5 μg) was induced in rats injected with saline/morphine (10 mg/kg, twice daily for 5 days, s.c.). Rats injected with PMX53 or saline had no effect on the antinociceptive activity of acute i.t. morphine (5 μg). Chronic C5a treatment slightly decreased the antinociceptive activity of acute i.t. morphine (5 μg). However, C5a treatment during the induction period of morphine tolerance (10 mg/kg, twice daily for 5 days, s.c.) significantly enhanced the expression of spinal antinociceptive tolerance to i.t. morphine (5 μg) in mechanical and thermal testing ([Fig. 3](#f3-etm-04-04-0723){ref-type="fig"}). The expression of spinal antinociceptive tolerance to i.t. morphine (5 μg) was suppressed by PMX53.

Discussion
==========

The repeated administration of morphine is associated with significant problems, including antinociceptive tolerance and hyperalgesia ([@b22-etm-04-04-0723]). Accumulated evidence suggests mediators underlying morphine tolerance and hyperalgesia. However, effective pharmacotherapy has not been established for morphine-induced side effects. Previous studies proposed the association between immune responses in the spinal cord and morphine tolerance and withdrawal-induced hyperalgesia ([@b21-etm-04-04-0723],[@b23-etm-04-04-0723],[@b24-etm-04-04-0723]). The complement system may be a crucial regulator of morphine tolerance and withdrawal-induced hyperalgesia, as activation of complement cascade results in the enhancement of immune responses. In the present study, the main finding is the identification of C5a and C5aR as a likely promoting mediator for morphine tolerance and withdrawal-induced hyperalgesia.

The complement system is known to be a potent effector mechanism of the immune system. In the spinal cord, neuron, microglia and astrocytes constitutively produce complement components, including C5a and C5aR ([@b25-etm-04-04-0723],[@b26-etm-04-04-0723]). Hence, there is potential for rapid activation of the complement cascade. Microglia and astrocytes may enhance the level of complement components under various situations, including central nervous system infection, brain injury and pain ([@b6-etm-04-04-0723],[@b17-etm-04-04-0723],[@b27-etm-04-04-0723],[@b28-etm-04-04-0723]). The present results demonstrate that the levels of C5a and C5aR were increased in the L5 lumbar spinal cords of morphine-tolerant rats. However, it is still unknown in which type(s) of these cells that upregulated levels of C5a and C5aR occur. These results suggest that the activation of the complement cascade is involved in the development of morphine tolerance and withdrawal-induced hyperalgesia.

The increased levels of C5a and C5aR in morphine-tolerant rats suggest that the pathological role of the upregulation of C5a and C5aR in morphine tolerance and withdrawal-induced hyperalgesia requires elucidation. Although the complement system plays a crucial role in host defense in times of immunological challenge, the over-activation of the complement cascade causes deleterious effects on the host as well. C5a/C5aR inhibitors have shown efficacy in controlling the pathogenesis of inflammation-associated diseases, including autoimmune diseases and pain ([@b25-etm-04-04-0723],[@b29-etm-04-04-0723]--[@b31-etm-04-04-0723]). The present results demonstrate that C5a treatment promoted the development of morphine tolerance and withdrawal-induced hyperalgesia in rats. However, the C5aR antagonist PMX53 blocked the development of these phenomena. Thus, C5a and C5aR may play promoting roles in the development of morphine tolerance and hyperalgesia.

Spinal inflammatory immune responses contribute to the mechanisms of morphine tolerance. Several studies have demonstrated that pro-inflammatory cytokines IL-1β, IL-6 and tumor necrosis factor (TNF)-α enhances the expression of morphine tolerance and withdrawal-induced hyperalgesia in rats ([@b1-etm-04-04-0723],[@b4-etm-04-04-0723],[@b23-etm-04-04-0723]). The pivotal role of the activation of NF-κB in inflammation during the induction of morphine tolerance has also been well elucidated ([@b32-etm-04-04-0723],[@b33-etm-04-04-0723]). C5a activates and attracts astrocytes and microglia, and increases levels of pro-inflammatory cytokines ([@b34-etm-04-04-0723]--[@b36-etm-04-04-0723]). It has also been reported that C5a binds to neurons to enhance the level of intracellular calcium and activate NF-κB ([@b37-etm-04-04-0723]). Therefore, activation of C5a and C5aR may be part of a pathway to promote the development of morphine tolerance and withdrawal-induced hyperalgesia.

In summary, this is the first demonstration that the complement cascade is activated in the spinal cord by repeated injection of morphine, and that C5a and C5aR regulate morphine tolerance and withdrawal-induced hyperalgesia. A more detailed analysis in future studies may be useful to design an effective therapeutic strategy for morphine tolerance and withdrawal-induced hyperalgesia.
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![The induction of C5a and C5aR at the L5 lumbar spinal cord of morphine-tolerant rats. Rats (n=6/group) received either saline or morphine (10 mg/ kg, s.c., twice daily for 5 days). L5 lumbar spinal cords were obtained 2 h after the last morphine treatment. (A) The content of C5a at the L5 lumbar section of spinal cord was measured by ELISA. (B) The C5aR expression at the L5 lumbar section of spinal cord was measured by western blotting. Quantification is shown in the graph in the lower panel (n=6/group). Values are means ± SEM. ^\*^P\<0.05 vs. saline.](ETM-04-04-0723-g00){#f1-etm-04-04-0723}

![Effects of C5a and PMX53 on morphine withdrawal-induced hyperalgesia and allodynia. Rats received chronic saline, chronic C5a (10 ng), chronic PMX53 (200 ng), chronic morphine (MO), chronic morphine plus C5a (10 ng) (MO+C5a), and chronic morphine plus PMX53 (200 ng) (MO+PMX53) for 5 consecutive days. Behavioral response to noxious (A) thermal and (B and C) mechanical stimuli was recorded 16 h after the last injection of morphine or saline. Values are means ± SEM (n=12/group). \*P\<0.05 vs. chronic saline, ^\#^P\<0.05 vs. chronic morphine-treated group (MO).](ETM-04-04-0723-g01){#f2-etm-04-04-0723}

![Effects of C5a and PMX53 on the expression of spinal antinociceptive tolerance to morphine. Rats received chronic saline, chronic C5a (10 ng), chronic PMX53 (200 ng), chronic morphine (MO), chronic morphine plus C5a (10 ng) (MO+C5a), and chronic morphine plus PMX53 (200 ng) (MO+PMX53) for 5 consecutive days. Acute antinociceptive acivity of i.t. morphine (5 μg) in these rats was examined using (A) a tail-flick test and (B) paw pressure test on day 6. Values are means ± SEM (n=12/group). \*P\<0.05 vs. chronic saline, and ^\#^P\<0.05 vs. chronic morphine-treated group (MO). %MPE, % maximum possible effect.](ETM-04-04-0723-g02){#f3-etm-04-04-0723}
